Purpose of Review Pseudoexfoliation is the most common identifiable cause of glaucoma. However, its precise mechanism remains unknown. Recent Findings Recent studies have shed new light on the genetic factors underlying pseudoexfoliation syndrome, increasing our understanding of the role of the lysyl oxidase-like 1 gene and its various polymorphisms as well as identifying new genetic associations. Recent years have brought new insight on how these genetic factors interact with other factors, including environmental, to confer risk to individuals and populations worldwide. All these findings may hold importance to the screening, diagnosis, and monitoring of pseudoexfoliation and may also help lead to the identification of novel therapeutic targets. Summary This review serves as an update on the recent trends and findings in pseudoexfoliation syndrome.
Introduction
Pseudoexfoliation is the most common identifiable cause of glaucoma. Despite much having been discovered about pseudoexfoliation syndrome and pseudoexfoliation glaucoma over the past few decades, many questions have remained unanswered. Recent years have brought new knowledge about the genetic basis for pseudoexfoliation and how these genetic factors interact with other factors to confer risk to individuals and populations worldwide. We expect that greater understanding of these pathogenetic mechanisms will improve our ability to diagnose pseudoexfoliation as well as monitor those at risk for pseudoexfoliation.
Our growing understanding of pseudoexfoliation both as a systemic condition and as an ocular condition should guide our monitoring of these patients. This review is intended to serve as an update, highlighting some of the recent trends and findings in pseudoexfoliation syndrome.
Genetics and Pathogenesis
The association of single-nucleotide polymorphisms in the lysyl oxidase-like 1 (LOXL1) gene with pseudoexfoliation syndrome has been well established, though its precise role in the pathogenesis of pseudoexfoliation remains yet to be fully elucidated. In the past several years, multiple genetic associations with pseudoexfoliation have variably and inconsistently emerged, including clusterin, matrix metalloproteinase 1 (MMP1), glutathione transferase, contactinassociated protein-like 2 (CNTNAP2), and tumor necrosis factor alpha [1] .
Some novel studies have added to our evolving understanding of the genetics and pathogenesis of pseudoexfoliation. LOXL1 is an enzyme that plays a role in the crosslinking of collagen and elastin in the extracellular matrix [2] . While it seems reasonable that alterations of interactions in the extracellular matrix of various tissues could lead to the production and accumulation of pseudoexfoliation material, the exact role of LOXL1 in the pathogenesis of pseudoexfoliation has still not been specifically demonstrated. Sharma et al. were the first to demonstrate a specific biologic effect of two of the singlenucleotide polymorphisms strongly associated with pseudoexfoliation: s1048861 and rs3825942, which lead to the amino acid substitutions Arg141Leu and Gly153Asp, respectively [3 • ]. They posited that molecular modeling indicates that these amino acids were on the surface of the LOXL1 protein and thus likely to affect protein-protein interactions. They found in fetal rat lung tissue that LOXL1 variants with these substitutions were processed differently by endogenous proteins, most likely including bone morphogenic protein-1 (BMP1), which activates LOXL1 by enzymatic cleavage. These variants did not show a significant increase in extracellular accumulation, though.
Recently, a multiethnic genome-wide association study by Aung et al. implicated a variant mapping to the gene encoding CACNA1A, a subunit in voltage-gated calcium channels; this is the first such genome-wide association aside from the LOXL1 gene, though its significance is yet to be determined [4 • ]. CACNA1A-containing channels are expressed in cerebral cortex, thalamus, hypothalamus, and cerebellum, with various reports in the literature of associations with episodic ataxia, familial hemiplegic migraine, and spinocerebellar ataxia. Aung et al. further demonstrated that CACNA1A is widely expressed in most ocular tissues, except the optic nerve [4 • ]. While the role of CACNA1A in pseudoexfoliation is not known, using electron microscopy, high calcium content has been demonstrated in pseudoexfoliation material [5] , leading some to postulate that alterations in calcium transport could contribute to aggregation of pseudoexfoliation material.
Elevated plasma and aqueous homocysteine has been observed in pseudoexfoliation patients in a number of studies [6] . It is unclear whether homocysteine plays a causative role in pseudoexfoliation, with one proposed mechanism by Pasquale et al. being the disruption of disulfide bonds of cysteine residues in extracellular matrix proteins [6] . They further posited that one way this association may be correlative rather than causative could be through chronic folate deficiency, which could disrupt the methionine-homocysteine cycle, which could theoretically also affect the methylation and expression of LOXL1.
Clusterin, an extracellular matrix protein that is involved in preventing protein misfolding and has been implicated in the pathogenesis of Alzheimer's disease, has garnered increasing interest in understanding its role in pseudoexfoliation. Multiple studies have investigated the association of specific single-nucleotide polymorphisms in the clusterin gene with pseudoexfoliation syndrome and pseudoexfoliation glaucoma, but the results remain mixed, with association of certain SNPs in some populations but not others [7] [8] [9] .
Other investigators have targeted inflammation and oxidative stress as elements in pseudoexfoliation syndrome. Vulovic et al. reported increased levels of TNF-a, IL-6, and IL-17 in aqueous humor of early stage pseudoexfoliation syndrome patients, suggesting an inflammatory component early in the disease [10] . Dursun et al. found elevated total oxidative stress and decreased antioxidant capacity in serum and aqueous humor in pseudoexfoliation and pseudoexfoliation glaucoma patients compared to controls [11] .
The past several years have brought many interesting insights on the impact of environmental risk factors for pseudoexfoliation as well as how the effect of a given genetic polymorphism can vary widely among different populations. Further, some populations have been shown to have a disproportionately high burden of pseudoexfoliation compared to others. While the increased prevalence of pseudoexfoliation in Scandinavian populations is well known, Olayowe et al. reported a high prevalence in subSaharan Africa, far higher than African-American populations in the United States. Interestingly, they pointed out that some studies in Ethiopia, the Congo, Gambia, and South Africa report high prevalence, while studies from adjacent Ghana and Tanzania report almost none [12] . The reasons for these differences in prevalence remain unclear.
Similarly, Kang et al. reported in a U.S. cohort that Scandinavian ancestry was not found to be a risk factor for pseudoexfoliation glaucoma or glaucoma suspect [13] . The results suggested that the increased prevalence noted in Scandinavia may be related less to genetic factors alone and rather more to environmental factors or, perhaps more likely, the interaction between environmental factors with specific risk alleles. Previously reported environmental and behavioral risk factors for pseudoexfoliation include higher latitude, caffeine/coffee intake, low folate, increased outdoor activity and solar exposure (particularly reflected sunlight off snow/ice/water), and increased number of sunny days and daylight hours [14] . Multiple recent studies have reconfirmed the importance of these risk factors. Kang et al. showed an adjusted odds ratio of 2.0 for those who spent more than 11 h per week outdoors during high school until the age 24 compared to those who spent less than 5 h per week outdoors [15] . Pasquale et al. reported in a case-control study conducted in the United States and Israel that each degree of weighted lifetime residential latitude from the equator was associated with eleven percent increased odds of pseudoexfoliation, while every hour per week spent outdoors in the summer was associated with 4 % increased odds [16] .
Putting together the complex interplay of external factors with genetic factors to better understand pseudoexfoliation risk has been revealing. While it has been shown previously that some LOXL1 polymorphisms confer risk of pseudoexfoliation while others are protective, multiple recent studies have indicated that the same polymorphism allele may be a protective allele in some populations but a risk allele in others (Table 1) [4, 17, 18 • ]. These findings suggest that each allele interacts with environmental factors and/or other genetic factors within each population to increase risk of or protect against pseudoexfoliation.
Systemic Manifestations
Pseudoexfoliation syndrome is a systemic disorder, but to date, its clinical relevance has been almost exclusively with regard to the eye. Pseudoexfoliation deposits have been shown throughout the body in visceral organs, such as the lung, kidney, liver, gall bladder, and even the meninges. While some studies have found association between pseudoexfoliation and cerebrovascular and cardiovascular diseases [19, 20] , other studies have not [21] . More recently, Gökce et al. reported that pseudoexfoliation syndrome is associated with a tendency toward increased carotid intima media thickness as well as increased renal artery resistance [22] . A meta-analysis concluded that the overall body of literature does indeed suggest that pseudoexfoliation syndrome is associated with increased risk of vascular disease, including coronary heart disease, cerebrovascular disease, and aortic aneurysm [23] .
The literature is more consistent, though, on pseudoexfoliation and mortality. Multiple studies have previously shown no increase in all-cause mortality in patients with pseudoexfoliation [19, 24, 25] , with Shum et al. specifically reporting a decrease in overall mortality and no difference in cardiovascular or cerebrovascular mortality [26] . Recent studies have corroborated this [27] . Interestingly, in a Finnish cohort, Tarkkanen and Kivela found increased life expectancy in pseudoexfoliation glaucoma patients when compared to patients with primary open-angle glaucoma [28] .
Some recent interest has been given to the association of systemic markers to pseudoexfoliation syndrome. In a small case control series, Vulovic et al. reported elevated serum IL-6 levels in early and late pseudoexfoliation patients, supporting the idea of a systemic pro-inflammatory state [10] . Similarly, Ozgunul et al. reported an elevated neutrophil-to-lymphocyte ratio on complete blood counts in pseudoexfoliation syndrome and pseudoexfoliation glaucoma patients when compared to normal controls; they also noted an elevated platelet-to-lymphocyte ratio in pseudoexfoliation glaucoma patients when compared to pseudoexfoliation syndrome patients and controls [29] . The authors posited that these ratios may eventually be useful in predicting the progression to glaucoma in pseudoexfoliation patients, but a favorable sensitivity and specificity profile of such screening compared to current ophthalmic examination methods are yet to be demonstrated. It has also been recently reported that pseudoexfoliation patients have lower serum levels of adropin, a metabolic regulator that modulates glucose-mediated insulin release [30, 31] . The implications and reproducibility of this association are unclear. 
Ocular Manifestations
The association of pseudoexfoliation with glaucoma is well established; glaucoma can be caused by an open-angle mechanism, angle-closure mechanism, or a combination of the two. The Early Manifest Glaucoma Trial Group has reported that pseudoexfoliation glaucoma progresses significantly faster than primary open-angle glaucoma or normal tension glaucoma, with pseudoexfoliation glaucoma associated with more rapid annual IOP increase [32] [33] [34] . Pseudoexfoliation has also been associated with greater short-term lability in IOP [35] . The open-angle mechanism has been attributed largely to obstruction of the trabecular meshwork by pseudoexfoliation material and subsequent decrease in aqueous outflow. The angle-closure mechanism has been thought to be largely related to zonular weakness and subsequent anterior displacement of the iris. It has been shown previously that pseudoexfoliation patients with ocular hypertension progress to glaucoma about twice as much as patients with ocular hypertension without pseudoexfoliation, even while matching for baseline IOP, age, and gender [36] . While it may be possible that increased IOP fluctuation may contribute to this finding, this finding suggests that factors other than intraocular pressure may be contributing to the conversion to and progression of glaucoma in pseudoexfoliation patients. Moghimi et al. recently found, using enhanced-depth spectral domain OCT, that the lamina cribrosa is significantly thinner in nonglaucomatous pseudoexfoliation eyes compared to controls [37] . Further, they found that inferior and superior lamina cribrosa depth was greater in the pseudoexfoliation group than controls, but they found no significant difference in central lamina cribrosa depth between the two groups. The relevance of these findings to glaucomatous progression in pseudoexfoliation eyes is not yet determined.
Pseudoexfoliation has additional clinical relevance beyond the field of glaucoma, though. The importance of pseudoexfoliation syndrome and its association with poor pupillary dilation and zonular compromise to cataract surgery is well known. The presence of pseudoexfoliation holds further significance aside from the risk of intraoperative complications, however. Ascaso et al. observed that more than half of all late (greater than three months after surgery) IOL-capsule complex dislocations are attributable to pseudoexfoliation syndrome [38] .
Pseudoexfoliation has effects on the cornea as well. Wang et al. noted decreased mean corneal endothelial cell density in a small cohort of eyes of Chinese patients with pseudoexfoliation [39] . Other groups have taken this a step further, finding decreased endothelial cell, anterior stromal keratocyte, and posterior stromal keratocyte density as well as decreased length, branching, and density of the subbasal nerve plexus [40, 41] . Pseudoexfoliation syndrome has also been associated with decreased tear production and tear film stability [42, 43] .
Multiple groups have taken interest in assessing the effects of pseudoexfoliation syndrome on the vasculature of the eye and ocular blood flow. In 1994, Helbig et al. demonstrated progressive degeneration of the iris vasculature on electron microscopy, progressing from the adventitia to the endothelium; they concurrently demonstrated relative hypoxia in the aqueous humor of pseudoexfoliation patients when compared to control [44] . More recently, decreased subfoveal choroidal thickness has been demonstrated in pseudoexfoliation eyes, with the suggestion that this may be due to decreased choroidal perfusion related to carotid flow as well as impairment of the choroidal microcirculation [45, 46] . Kocaturk et al. have reported increased vascular resistance in the ophthalmic artery in pseudoexfoliation glaucoma patients, as identified using color Doppler imaging [47] .
Treatment
Just as it has been observed that the natural history and pathogenetic mechanisms of pseudoexfoliation glaucoma differ in important ways from other types of glaucoma, determining whether the treatment of pseudoexfoliation glaucoma patients warrants a different approach has been a robust area of interest. When it comes to selecting a firstline topical agent for the treatment of pseudoexfoliation patients with elevated eye pressures, researchers have primarily compared prostaglandin analogues with fixed combination drops, both with regard to magnitude of IOP reduction as well as reduction of diurnal variation. In 2003, Konstas et al. found similar efficacy of latanoprost and timolol/dorzolamide fixed combination drops in lowering IOP in patients with a mean IOP baseline of 31 mmHg [48] . The same group found that bimatoprost provides better diurnal control of IOP than latanoprost in pseudoexfoliation patients with high baseline IOP [49] . They additionally reported that the fixed combination of bimatoprost-timolol outperformed either bimatoprost or latanoprost alone in IOP reduction in these same ocular hypertensive pseudoexfoliation patients [50, 51] .
The use of pilocarpine in pseudoexfoliation glaucoma is intriguing from a mechanistic standpoint. In 2009, Angelilli et al. reported that the combination of latanoprost and pilocarpine improved IOP reduction compared to timolol or the fixed combination dorzolamide/timolol; more interestingly, they reported increased outflow facility and decreased pigmentation of the trabecular meshwork in the latanoprost plus pilocarpine group [52] . Angelilli movement may lead to less deposition in the trabecular meshwork, especially when compared to using aqueous suppressants, making pilocarpine theoretically a particularly useful agent in pseudoexfoliation glaucoma [53] . Still, since then, no large-scale studies of the efficacy of pilocarpine in pseudoexfoliation glaucoma have been performed, likely attributable to the less favorable side effect profile of pilocarpine. Laser trabeculoplasty has been known to be particularly effective in pseudoexfoliation patients for over 30 years, albeit with diminishing effects on IOP over time [54] . In a randomized controlled trial, Kent et al. found no significant difference between argon laser trabeculoplasty (ALT) and selective laser trabeculoplasty (SLT) at the 6-month posttreatment time point [55] .
Cataract surgery alone has been shown to produce IOP reduction in many eyes and has been shown to be even more effective in pseudoexfoliation patients [56] . It has been shown by two groups that despite an increased risk of postoperative day 1 IOP spikes, pseudoexfoliation eyes continue to have IOP lowering benefit from cataract surgery even at a 7-year postoperative time point [57, 58] . These studies reported lower than expected rates of glaucoma development and glaucoma progression in this 7-year time frame, suggesting that cataract surgery may be protective in these patients. As an additional benefit, cataract surgery has been shown to blunt diurnal IOP fluctuations in pseudoexfoliation patients [59] .
The rapidly evolving armamentarium of angle-based minimally invasive glaucoma surgery (MIGS) seems particularly well suited for pseudoexfoliation glaucoma. Given that clogging of the trabecular meshwork and decreased trabecular outflow is the predominant mechanism for IOP elevation in many eyes with pseudoexfoliation, procedures specifically targeting trabecular meshwork outflow, especially those that clear the trabecular meshwork and Schlemm's canal, seem particularly intriguing. Klamann et al. reported a 35 % average decrease in intraocular pressure (IOP) and reduction from 2.3 mean medications preoperatively to 1 medication postoperatively in pseudoexfoliation patients treated with the iStent inject [60] . Hassan and Awadalla noted promising results of combined viscocanalostomy and cataract surgery, with a 90 % complete success rate (defined as IOP less than 21 mmHg without medication) and a 51 % reduction in mean IOP at last follow-up (mean follow-up 18.6 months) from mean preoperative IOP [61] .
The Trabectome (ab interno trabeculectomy) is the best studied MIGS procedure in pseudoexfoliation patients. Ting et al. reported a 79 % success rate (defined as IOP less than 21 mmHg, greater than 20 % reduction in IOP, and no secondary surgery) at 1 year with Trabectome alone and 87 % success with Trabectome with cataract surgery [62] .
Klamann et al. reported a 40 % reduction in mean IOP at 1 year with Trabectome plus cataract surgery in pseudoexfoliation eyes, but no change in the mean number of medications [63] . Jordan et al. reported a 30 % reduction in IOP and 44 % reduction in glaucoma medications with Trabectome with or without cataract surgery in pseudoexfoliation glaucoma eyes after a mean follow-up of 204 days, similar to the reduction observed in POAG eyes [64] . Widder et al. found a 38 % reduction in IOP and reduction in mean number of medications from 2.4 preoperatively to 2.1 postoperatively in eyes with pseudoexfoliation glaucoma after Trabectome and cataract surgery plus trabecular aspiration [65] .
Trabeculectomy and aqueous tube shunts are still the goto procedures for pseudoexfoliation glaucoma patients with advanced disease or poorly controlled IOP despite maximum tolerated medical and noninvasive treatment. The Ex-PRESS miniature glaucoma shunt has emerged as viable option for these patients as well. In a retrospective review, Moisseiev et al. found no differences in IOP reduction, number of postoperative medications, hypotony, or rates of failure between standard trabeculectomy and the Ex-PRESS mini shunt [66] . In a 20-year follow-up study, Landers et al. reported that even after trabeculectomy, eyes with pseudoexfoliation were still more likely to progress to blindness than those with other types of glaucoma, though [67] . Aqueous tube shunts remain a viable surgical option in pseudoexfoliation glaucoma, though no studies have specifically assessed their outcomes in pseudoexfoliation glaucoma. Trubnik et al. reported a trend toward increased tube erosion in pseudoexfoliation glaucoma eyes (odds ratio 2.7), but the finding was not statistically significant.
Conclusions
Our understanding of the pathogenesis of pseudoexfoliation continues to evolve, with the hope that future research will provide further clarity to the underlying mechanisms as well as identify novel therapeutic targets. These growing insights will help us improve our diagnosis of pseudoexfoliation as well as identification and monitoring of highrisk patients. Fortunately, the array of treatment options for pseudoexfoliation glaucoma is also rapidly expanding, largely due to the rise of minimally invasive glaucoma surgery, holding promise for the future to better manage and monitor this difficult condition.
Compliance with Ethical Guidelines
Conflict of interest Niraj Nathan declares that he has no conflict of interest. Rachel Kuchtey received a grant support from the National Eye Institute (EY020894) for work unrelated to this manuscript.
Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
